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PREFACE 


This  report  describes  the  experimental  work  carried  out  upon 
refractory  materials  mainly  chosen  according  to  the  criteria 
set  out  in  the  previous  report  (B7^^/l)»  It  was  decided 
to  concentrate  efforts  upon  the -cerbides  of.  niobium -and 
tantalum  and,  further,  to  carry  out  some  experiments  on  a 
complex  eutectic  system  (Nb-Mo-Ta-Al).  All  samples  were 
provided  by  other  laboratories.  The  needle  array  format  for 
testing  was  obtedned  by  etching  back  chemically  the  matrix 
supporting  the  refractory  fibres.  The  fibres  were  then  etched 
further  to  obtain  points. 

All  samples  were  tested  in  a  stainless  steel  chamber  to  ascertain 
Fowler-Nordheim  functions.  Life  tests  at  low  operating 
currents  are  being  carried  out  for  up  to  1000  hours  but  are  not  yet 
complete.  After  testing, little  damage  was  found  to  the  carbide  which 
could  be  attributed  to  operating  conditions. 

The  results  are  reviewed  in  terms  of  field  emitter  geometry 
and  thermodynamic  stabilities  of  the  refractory  compounds. 
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1.  INTRv'»tXIC7U»J 

Pi'ovlvHia  woi'k  at  lAilmef  hrt;<  rei^uita 

I'ov  toutaluiii  OHrbiiii'  n»*t*vlle  iirr.»,vs  lii  a  iilokel-ohromlum 
matrix.  FV'wler-Noi'dheim  plots  I'or  the  needle  tu'rays  Indicate 
a  perform.uiort  oompai>able  to  or  better  tium  tliat  of  txuigsten 
needle  tU'rays. 

'Ihe  nliii  of  tills  resoiuvh  is  to  select  .and  test  metal lursicnl 
systems  witii  i*efraotory  cixnponents,  sa>'  oiU'bides,  for  tlieir 
potential  as  cold  catiioile  needle  arra.vs. 

A  prerequisite  to  the  reseai'oh  is  tiie  location  of  suitable 
metallurfiloal  systems  wltli  a  euteotlo  reaotlcgi  betweeai  tiie 
refractory  component  cuid  a  oonduotlntt  metal.  It  is  tlien 
necessai'y  to  assess  the  llkelihovxl  of  tiiese  systems  being 
sulttnl  to  fabrlcativin  of  needle  ai'r.ays  by  plane-front 
luiidlrectional  solidification  at  practical  temperature 
gradients  luid  solidification  rates  to  give  a  rod-like 
mori'iiology . 

A  llteratui-e  seaivh  has  been  undertaken  luider  tlie  headings 

1,  Ptiase  equilibria 

2.  Unldlrectlvmal  solldil'lcatlon 

■5.  Fliysioal  properties  of  refractory  compoiuids. 

4.  Field  emlssl>.in. 

Tv.1  simplify  U»e  choice  of  systems  the  seaivh  was  restricted 
to  alloys  containing  one  or  more  of  tiie  non-metalllc  elemei^ts 
ooi'bon,  boron  or  nlU'Ogen  and  to  the  ti-ansitlon  metallic 
elements  lYixii  Groups  IVA,  VA  and  VIA  and  to  I'henlvun  (Group  VIIA) 
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Cr 

- 
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Ta 
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Most  of  tiiese  ai*e  known  to  form  very  hlgfi-meltlng  cax'bldes, 
borides  and  nitrides.  PnrtJiermore,  recent  reseai'ch  has  uncovered 
numerous  cases  of  eutectic  equilibria  in  which  tJiese  refractory 
compounds  ai'e  components. 

Intermetal 11c  phases  have  been  disregarded,  partly  In  consequence 
of  tlielr  relatively  low  melting  points  but  also  because  tliey  are 
expected  to  be  Inferior  to  tlie  refractory  compounds  In  tJielr 

-7 

stability  to  Ion  damage  especially  at,  a  pressure  of,  say,  10  torr. 

Choice  criteria  for  the  properties  of  needles  and  matrix  are: 


Needles 


1. 

Melting  point  over  2(XX)°C. 

2. 

Low  vapour  pressure. 

Hlgli  strength,  i.e.  stiffness. 

4. 

Low  sputter  yield,  i.e.  resistant 

to  Ion  damage 

5. 

Electrically  conducting  -  need  not 

be  metallic. 

6. 

Chemically  inert  (permitting  selec 
etching  of  matrix). 

live 

7. 

Low  work  function. 

Mati'lx 

1. 

Melting  point  over  800°C. 

o 

^  • 

Low  vapour  pressure  at  ~500°C 

J>.  Amenable  to  selective  etching. 

1.1.  Cold  Cathodes  :  previous  work 

The  advantages  of  operating  field  emission  cold  cathodes  In 
place  of  conventional  tliermal  catliodes  have  been  discussed  extensively 
by  Chai'bonnler  et  al.  In  Recently,  Consldlne  and  Balslger^^^ 

have  summarised  the  advanteiges  of  using  field  emission  sources  In 
high  density  small  diameter  electron  beams.  Shelton  and  Wardly^^^ 
have  outlined  other  applications  for  cathodes  of  this  type.  It  is 
not  intended  to  discuss  in  detail  the  relevant  properties  of  tliese 
cathodes  but  the  major  advantages  may  be  summarised  as: 
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(Il  A  colvl  OrttiuMo  vloos  lu't  j'tviuiro  a  hcrttoi*  to  wr.lt 
oU'ot:vii>s  rtiui  thoi'ofofo  tJtt*  .■\c:tOv'l  .itwl  tul'<*  t«*oJmolO(.*ji'  o.-ui  t'<* 
HlmplifloUl. 

(C)  Htr  .U'f-wu't’  of  .-t  l'.«».ttos'  »;lvo:'  iiu-.t.uvt  st.-»i't,  r llmln.-it  lujt 

*  '  •  •  •  • 

tiu>  tl.no  Jol.-vv  i«u'Oiaitoj'<Nl  rwltoh-^Mi  of  !\  tlvirr.n'i  o.nt,hv\io. 

Also,  f .\1  Uit'o  -.two  to  ho.itcM'  Uijii-v'iit  Is  I'lwoiitwl. 

v')  nio  itH»oh.-uUo;vl  rolHU' titc’ss  of  the*  o.tthvvlo  Is  irij-'rovovl . 

Ttip  j'r^'jtross  In  tin*  d<*\oloj\!iw\t  of  ooUl  '.“xttuxWs  h.ts  l'e*«*n  limltwi 

lu'wrvf*!'  by  the*  ii).\t<’j'l;»ls  .uni .nbl o  for  th.rlr  m.uuif .vot'.a'o .  I'rrvtous 
( 

work  M.ns  ov^iooiita'.-itwi  upivi  nsliij;  tiaifistwi  .ns  tJ'.i*  wait  tin.*;  nswllo 
^or  yoint )  Iv'tii  .is  .n  amlM-i’ln  .ut.xv  -.'r  .ns  .n  vtlsorrte*  slnslr  r*'lnt 
omlttor  of  th.«*  typo  nswl  In  olootivni  r;lor*'soopos  .niui  s.vno  *l.nun  *iisp;.v.v 
tul*os.  'llio  llial t ,nti*in  KitJi  tiait;ston  liowovor  Inui  bowi  tiio  noo-.l  for 

-v) 

.nn  ultrn  hi^b  v.nounm  oiivlr*in:aont ,  typio.nl  1.V  U''  torn.  In  oi\lor, 

for  oxji;aplo.  to  rovluoo  d.n;r..nj;o  by  Ivin  b;i.ab.v.\l:ttont .  Kooont  .nttwrpts 

^ '  \o  uso  o.nrbvni  fibro  o.ntlivxto;-.  h.-wo  not  boon  vory  snooossAil 

vUu*  tv^  tho  'nolso'  f.onor.ntovl  by  tlio  fibro.  Uv'wovor,  Wv'rK  In  J.n>'.nn 
(!')  1*1) 

ol.niinr.  th.nt  .n  slnjtlo  f.nbrlo.ntovl  point  of  t.i  t.-uilum  o.irblvlo 

-b 

Kv'rks  s.nttsf.notv'rl  ly  .nt  pivssnros  of  10  torr.  .uivl  ttUs  prossuro 

r.nji^o  Is  wo'.l  within  tiio  limits  of  onri'ojit  tubo  toolaiolocyi’.  A 
l\irth.or  .nviv.nnt.nito  v'f  boint;  .nblo  to  opoianto  laivioi*  .n  p.'oror  v.nonnm 
is  in  tJ'.o  .nro.n  of  olootn'vin  mioivsoopy.  Horo  tho  onrront  pr.no tloo 

-V) 

is  to  uso  .n  tunsston  inaittor  v'por.ntin*;  .nt  Ui  torr  wb.ioh  rovjuiivs 
.nn  o.\j’'onslvo  viiffrronti.nny  puiapovi  ult.rn  hi..;h  v.noiurn  systwa. 

M.ntorials  whioh  h.nvo  prv'port.ios  sisal  l.-u*  to  tb.oso  ot'  t.lt.n:ilrja 
OArbliio  tJioroforo  .nf'po.nr  to  h.nvo  pv'tontl.nl  .ns  sin*;lo  pols'.t 
omit  tors  .niivi  .ns  brv'.n.i  sv'uroos  for  uso  iss  viovioos  v'por.nt.lJij;  nt 
hlshor  pv'wor. 

Ais  .At  Ir.notJ VO  issoth.vxi  of  prvMuoinf;  ssnslti -point  .nrr.n.vs  of  flno  pol’.its, 
pv'twit  i.nl  ly  usofs.l  fv'r  oloot-jMSsio  .nppl  lo.nt.l.'ns.  is  by  tho 
viirootlvXinl  sol  ivilfio.nUvUS  of  sult.nblo  ristootlo  .nlK'ys.  Tho 


\ 
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development  of  directionally  solidified  eutectic  alloys  has 
expanded  considerably  over  recent  ye:u*s  to  pivKiuce  materials  for 
use  in  hi temperature  .tijrblnes,.  ‘piese  .m.ateri al^j,  principally 
refractory  metal  carbides,  have  been  studleii  exteiislvely  to 
produce  composites  of  hl(di  strength  and  corrosiv-m  reslst;uice 
suitable  for  use  as  turbine  blades.  Ex-amlnatlon  of  sane  of  these 
alloys  has  revealed  interesting  strvictvu'es  which  cleai'ly  lend 
themselves  to  fabrication  of  cold  catJuxles  needle  ai'rays. 

1.2.  Present  Position 

At  present  very  little  work  is  being  luidert.oken  cai  field 
emission  cold  cathodes.  A  limited  examination  of  tlie  devices 
was  made  by  Baker^^^  and  Lea  using  cai'bcn  fibres.  Ferr.antl 

Limited  have  examined  carbon  fibres  for  use  in  an  emission  modulated 
amplifier,  and  Fulmer  has  made  a  small  niunber  of  'first  attempt' 
eutectic  cathodes  for  evaluation  in  tills  device. 

In  the  US  work  is  being  carried  out  using  dlrootlo..ally  solidified 

( 51 

eutectics  at  tlie  Georgia  Institute  of  Tec}inolog.v  wliere  current 

o 

densities  of  O.5  A/om‘'  at  voltages  between  to  5  kV  b.ave  been 
obtained  from  tungsten  needles  in  W/UO.,  iind  W-'Zi'O  composites. 

o 

In  life  tests,  hours  of  operation  at  100  mA/om‘'  has  been 

obtained  and  the  ability  of  these  materials  to  witJistand  pulsed 
operations  up  to  100  kV  has  been  demonstrated  '*■  .  FUrtlier  work 
in  the  US  using  oriented  tungsten  needles  has  been  caicentrated 
at  Linfield  Research  Instltute^^^ ^  and  at  the  Oregon  Graduate  Centre 
and  tlie  field  emission  of  electrons  from  Mo  cones  produced  by  vacuum 
deposition  has  been  studied  by  Spindt  at  Stanford 

Materials  development  work  on  tlie  production  of  dlivctlaially 
solidified  eutectics  for  aircraft  tui'bine  blades  has  revealed 
an  interesting  series  of  alloys.  Hiese  .are  b.asioally  a  series 
of  refractory  carbide  fibres,  e.g.  NbC  and  TaC  wlilch  .ai'e  grown 
in  an  electrically  conducting  metal  matrix  such  as  Co,  Nl,  or  Cr. 
These  fibres  are  typically  1-2  microns  In  di.ameter  and  c.an  be 
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pointed  to  enhtuice  tiie  field  emiijsioii.  Melting 
points  in  excess  of  2,000'‘V  can  be 

achieved  in  these  materials  ;u^d  ti'.e  spvitter  yield  is  low. 

Tliese  materials  should  tiierefore  be  superioi-  to  the  tvu'.gsten- 
based  composites  and  possess  pi’Opei'tles  vei'y  si.'rdliU’  to  tl'.ose 
of  tlt.uili.uri  ciu’bide. 

Prelimlnai’y  results  on  tlie  emission  properties  were  obtaine\.l 
at  Fulmer  «.mi  tiie  directl finally  solidified  eutectic  TaC  fabricati\i 
into  a  catiiixle  appoximately  1  nun  in  diameter'  to  demonst^'ate  tlie 
feasibility.  A  ciu'rent  of  r.iA  at  ;ui  exti'actlon  voltivge  of  10  kV 
was  obtained  (n'igure  1)  In  a  seale*.! -off  test  diAle. 

1 .  ? .  Select! v^i  of  Materials 

Ttie  literature  survey  ciu-rled  out  at  tJie  e;U'ly  stages  of  tills 
project  (RT^4/1  ,  ref.  l4)  was  concenti'attxl,  at  first  instance,  upon  tiie 
refractory  carbides,  boi'ldes  aid  nltz'ides.  A  I'eview  of  tiie  piiysical 
properties  of  tiiese  refractories,  based  on  tiie  traisi tivti  metals 
fixim  droups  IVA,  Va,  aid  VIA,  sliowed  tiiat  numerous  oaididate  materials 
were  to  be  foiuid  w.'dch  met  many  of  the  minimiuti  rec-  .remen  ;s  of  liigh 
melting  point,  low  vapour  pi'essui'e,  low  electrical  resistivity 
(not  riecessiu'ily  metallic  conductance),  etc.  (l^*  -  20,  2}).  Tiie  crucial 
par'tuneter,  field  ernisslon  work  i\aiction,  is  not  well -dooumeaitod  :uid  in 
consequence,  tiie  wide  choice  of  candidate  materials  v-iz'iod  in 
Tables  1  -  "'of  ref.  14)  b.ad  to  be  reviewed  by  means  of 
additional  criteria  based  in  known  phase  equilibria ••.uiidirectlon.il 
solidification  and  upon  tiieimKx4'naniic  stabilities.  Tlie  binai'y 
c.ai’bides  ajid  borides  were  frequezitly  to  be  fotuid  in  one  or  more 
eutectic  equilibria  in  tiieli'  I'espective  blntu-y  piiase  dl.agriuas  while 
notiiing  is  known  of  tlie  nitrides  (Tables  4  -  S,  ref.  141.  Again  tiiere  .U'e  m.nny 
ternary  .and  higher  systems  In  wlilch  tiie  biniu’y  borides  aid  carbides 
crystallize  by  eutectic  reactions  -  i.e.  pseudo-biniu'y  systems 
(Tables  t>  aid  7  »  I'ff  ■  l4).Tlie  literature  ai  luiidirectional  solidification 
is  now  sufficiently  comprehensive  to  show  tliat  tJie  eutectic  bituu'y, 
terniu'y  aid  higlier  systems  of  tlie  ciu'bides  aid,  pv>ssibly.  borides  are  amenable 
to  luiidirectional  solldificativti  giving  tlie  r>.\i-llke  morphology’ 


5 


I 


requisite  for  needle  arrays  in  cold  cathodes  (Tables  9  -  H)- 
The  carbides  of  Nb,  Ta  and  V  are  examples. 

Very  little  useful  information  on  the  phase  constitution  of  the 
nitrides  has  been  found  (see  Table  8,  ref.  14). 

The  properties  of  the  matrix  are  less  critical  -  preferential 
etching  being  one  of  the  more  Important  -  and  this  allows  a  wide 
range  of  systems.  The  final  choices  were  made  from  the  following 
classes  of  system: 


Binary  eutectic 

M' 

-  C 

M* 

-  B 

Ternary  eutectic 
( pseudo- bin  ^lry ) 

M' 

-  M"  -  C 

M' 

-  M' 

Quaternary  eutectic 

M' 

-  M"  -  M'"  -  C 

M' 

-  M' 

Here  M'  is  a  metal  from  our  list  of  transition  metals  and  forms  a 
binary  boride  or  carbide,  while  M"  and  M*"  may  be  chosen  from  a 
wider  range  of  metals.  In  the  binary  compounds  it  frequently 
happens  that  M'  forms  more  than  one  compound  with  boron  or  carbon 
and  that  the  stability  of  the  compound  increases  with  Increasing 
non-metal  content,  e.g. 

M'2X<M'X<M'X2 

For  directional  solidification  in  a  binary  system  the  eutectic 
equilibrium  must  be  between  the  parent  metal,  M',  and  the  refractory 
component.  Since  the  least  stable  compoxind  M'gX  tends  to  be  in 
equilibrium  with  M*,  such  binary  systems  are  less  suitable  than 
pseudo-binary  systems  between  the  more  stable  M'X  or  M'X^  and  M". 

Hence  M'  -  M'  -  X  compounds  appear  more  promising  provided  eutectic 
equilibria  of  the  following  type  can  be  found: 

Liquid  M"  (solid)  +  M'X  (solid). 

Literature  on  unidirectional  solidificatlcai  has  many  examples  of  this 

type  of  equilibrium,  wherein  the  refractory  component  has  the 

rod-like  morphology  suitable  for  fabrication  of  needle  arrays,  (see  ref. 14). 

Further  criteria  of  selection  have  been  developed  in  the  literature 
survey  which  are  based  on  thermodynamic  data.  A  ranking  order  of 
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th»»  I'm’l'ldos^  ni\vi  bot'lvloB  bort\  l\v  inl'vil  ;it  ii\n  Hio  niplnlllo 

i'«*«otdv'n  pt'^snuros  nt  p>Mni»  v'hosrt\  Ao^oixUnn  to  tJjln 

tnbulatdv'n,  bot'Ulon  ni\vl  oai’bUloH  ai*o  roviglUy  oiwpaiMbh*  In  pinblllt.y 
b\it  ti>o  boj'lvlpB  ai*e  not  m»fflolrt\tly  well  vtoonmon t pvl  for  iletalletl 
Oi'mparlBvB\.  Tt\p  owt'Uloa  m.'vv  b<*  rnnkpil  In  stabnit-y  an  folliivin: 

Tat'  ^  7.1V  NbO  >  t{ft'  ^  TIO  ^  W 

Nltrldos  aro  foiuut  to  havo  too  high  rpaotivm  pivaanro  and  wbon  t.hla 
la  takwt  Into  aooovuti  tK'getlirr  wltlt  tho  pauolt.y  of  tnfontiatUMi 
iHi  phmxp  aqvtlllbrla  aiul  otJior  atiortoiMnlitga,  tJjey  lU'o  rxolndixi  fiv'm 
ovmaldoraU 

llu*  final  abort  Hat  of  OiUUlKlate  matorlala  la  propoaovl  In  tbr 
foWv'wlng  vMNlori 

1.  Nby^rjb:  NlV/Oo:  NIV  >11 :  NK'ACo.  N1 ) 

Tat'  t'o;  Tat' -Ml  :  Tat'^lt'o,  tV,  N1  ) 

MfVNl;  HfM,AV:  Tal\,AV 

It  la  nv't  yrt.  knovnt  If  anltablr  rutootlo  pqtilllbrla  pxlat  In 
ilrovip  ' 

KXrKIUMkM'Al.  MFrnkiivi 
.'.1.  t'atluxlp  k'abrloatlvMt 

'lltp  Idral  rpvpil rpinpttt  of  a  floUl  omlaalon  oathvvlp  la  an  arra>v  or 
arm  of  pv^nl apa>'<vl  polnta  of  nttlform  bplgbl  abovp  a  ani'faop  aitvl  having 
a  uitlform  tip  ravtlna.  In  thla  nuumpr  an  aj'pHpvl  floUl  aoroaa  paoh 
of  thp  polnta  will  bp  tutlform  aiul  benop  an  plpotavMV  oiirrcatl  oan 
bp  pxtraotpvl  t'rv'm  paob  pv'li\t  . 

With  a  vll  rpo  1 1  v'tval  ly  av'l  Ull  f  1  pvl  pntootJo  atrtiotnrp,  t.ho  Ulpal 
tutlformlty  la  itpvpr  aoblovovl;  thp  flbroa  vary  In  dlainotor  an»l  tbp 
apaolnga  bolwoon  tho  flbrra  aro  not  v'onatant  .  Ik'wovpr,  thp  largo 
n\tmb»'i*  of  flbroa  prpaoitt  <'na\irpa  that  atMur*  flbroa  oxj'orlonop  a 
atif f  lolont  ly  high  fl«'l.l  U'  oaviao  «'lov'trvin  omlaalv'u.  'lltla  high  fh'Ul 
la  pr>\lnoo>t  by  olthor  thp  tip  raiUna  bring  vory  amall  vm*.  al  tornat.l  vply , 
tho  aoparat  lvMt  of  thp  flbroa  bring  largo  or  a  ov'mblnat  Utn  of  thoao 
two  go>'inptrlo  offoola.  I\'t«'rlorat  ton  of  i«\p  of  tJ\o  I'lbroa  by  1vm\ 
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bombardment,  or  another  process,  causing  emission  to  stop,  and  a 
change  in  its  physical  shape,  results  in  an  Increased  field  being 
generated  on  an  adjacent  fibre.  The  principle  of  fabrication  of 
the  emitter  is  to  etch  back  chemically  the  matrix  supporting  the 
fibres  and  then  by  using  a  further  etchant  to  remove  material  from 
the  fibres  to  produce  pointed  ends.  Sizes  of  the  individual  catliodes 
are  given  later. 

2.2.  Test  Chamber 

The  vacuum  test  chamber  used  for  evaluating  the  eutectic  cathode 
is  shown  in  Figures  (2)  and  (3)-  The  stainless  steel  chamber  was  pumped 
using  a  polyphenol  ether  based  oil  diffusion  system  for  the  evaluation 
of  test  cathodes.  An  electron  bomb^u^iment  filament  was  operated  prior 
to  the  cathode  test,  to  Increase  the  temperature  of  tlie  cathode  to 
500°C  and  complete  the  outgasslng  of  the  cathode.  The  specimen  support 
arm  could  be  moved  vertically  from  outside  the  chamber  and  hence  change 
the  anode/cathode  separation  during  a  cathode  test  if  required.  A 
Brandenburg  high  voltage  D.C.  power  supply  of  10  kV,  10  mA  with  0.05^  ripple 
at  full  output  was  used  for  the  tests  and  the  diode  current  meeisured 
using  a  Kelthley  Electrometer  connected  to  the  copper  anode. 

2.3-  Materi als 

The  eutectic  samples  tested  to  date  have  been  received  from  the 
sources  listed  below;  sizes  of  the  specimens  tested  are  given  later. 

The  alloys  listed  below  are  nominal  compositions  but  have  not  yet  been 
analysed,  with  the  exception  of  A77  -  205. 
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VI.  1 1'l’-Nt'riilu'  Im^Kijiiat  t  on 

The  ('till  iislon  v’h-if;K’tei‘li;t  U':;  of  a  floUl  oitii  r.i;  I  v>ii  oatJuvio 


ai't'  .^ovonioa  hy  tia-  Kow loi'-Nv'i\ilioliii 


ovin.'it  1  on . 


-t'  I'  / 

I . X  10  K  oxp.  /-('.O''  > 

■i/'tlyT  \  " 


-o.S/i  X  U^'  0  '■ 

■  i.>  ■ 


whei't'  K  1;'.  tiu'  floKl  ;;tren^';tJi  In  V/om 

<Ji  la  tiio  work  fiu\ot.lon  I’f  tJie  o.atJuvto  In  eV,  t^y^  juul  V(y) 

(  'h)  \  -'V 

are  tahnlatoa  (r.lowly  vai-yinnO  funotlona  of  y-  .’a  x  10  F  "'ij 

'Hie  alope  of  tJio  Fowloi’-N>M\ilu'lni  (F-N^  ('qua!  Ion  la 


di\oc  10  J  V  ) 

afr,¥T 


X  10'  0 


where  S(y)  la  a  tahnlatoil  fniu't.lon  of  y.  Aa  l.lu'  .appllovi  I'UOii 
la  dlreotly  proporl  loiuil  to  t.he  .applied  voll.age  (Vl  aaanrilnK  the 
^^eoiaetry  ,ai\d  the  woi-k  fnnotdon  of  the  o.at.liodo  dooa.  nv't  oli.anKc'  du^'ln^•; 
teatl“.,>?.,  a  plv't  of  \  1 /V" )  veraua  l/\’  will  prodnoe  a  atralK.ht 

lint'  provldt'd  field  t'liilaalv'n  la  t.ht>  ilor.ilnant  ohai'Ke  oarrler  .'Uid 
t.hat  ap.’U'e  ohai’Kr''  tiot'a  not  t'oonr.  I'he  I’l'aulta  are  plotted  .ut 

•A 

Fowler-Nt'rdhi'lm  fnnotlona  tM'  1'-''^^.,  1 1  A/'  )  .'vaataat  1  V. 

'llila  apeoliiion  waa  jui  0.('8  om  tl  1  .anu't ei'  oylliult'r  t'rlt'iitod  ;;o 
that  the  I'aoe  ot'  the  oyllndt'r  waa  p.irallel  to  tht'  oopper  ;uu\lt'. 


Space  charge  offcv’ta  are  .'\aaooiatctl  wltJi  t'looirona  in  tlie 
lntoreleot.rt\li'  apace,  which  at  high  volniiie  dt'naitli'a  t'l'ft'cta 
the  atructure  of  the  t'xierttal  field,  eh;utglng  tJ\t'  electron  p.atJ>. 
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Tl'.e  ct.niotui’o  of  (Jio  oathodc  is  r.hown  li:  Plgui’i’y  (^0  {uul  (T^) 
bofore  to^3tiIU^  'Itio  structure  shown  In  Plfn-ine  (b)  is  iui  area  of 
tile  catJivxle  at  tiie  coiiipU  tlon  of  tlie  test  rvuis. 

'llils  test  lasted  a  total  of  titl  hours  when  laai  at  varying  emission 
current  up  to  tlie  onset  of  arcing.  Figure  (  V)  sliows  ;in  area  of 
tile  catJiotle  where iu’oing  has  occurred  but  no  overall  doterioratii-in 
in  tile  perfortiKUice  of  the  catlKXie  was  apparent  i-esultiiig  from  tiie 
ai'O  ing . 

Tlie  Fowler-Noniheim  (P-N)  plots  for  tills  composition  ai-e  shown  In 
Figure  (8)  at  two  anode  to  cathode  separations  of  0.5  fuid  1.0  mm. 

The  maximum  current  obtalnovi  was  2.5  x  10  ''A,  corresponding  to  a 

.X  _p 

current  density  of  5-2  x  10  A  cm  '  at  an  extraction  voltage  of  lOkV. 

5  Tantalum  Carbide 

Tills  specimen  was  machined  to  a  riglit.  circuljir  cylinder  1  nm 

in  dl.'uiicter  prior  to  etching  of  tiie  mata’ix  to  expose  tiie  fibres.  It 

proveii  Impossible  to  maintain  tiie  eylindrical  geometi'y  during  tiie 

etching  which  resulted  In  Uie  specimen  becoming  cone  shaped  at  tiie  end 

as  slicwn  In  Figure  (9).  'Hils  specimeji  shape  was  finally  tested 

but  the  overall  emitting  mva  was  difficult  to  estimate.  After 

-5  2 

testing,  an  emitting  area  of  2.5^*  x  10  cm  was  measured  from  tiie 
scanning  electivui  microscopy  examination,  lliis  ai'ea  could  be  in 
error  since  it  was  not  possible  to  be  certidn  of  tiie  exact  emitting 
area . 

Tiie  F-N  plots  for  tills  catiiodc  are  shown  in  Figure  (10)  at  nnode-to- 
cathixle  separations  of  1  ;uid  2.2  mm.  Miu’kod  deviation  from  tiio 
linear  F-N  plot  occurs  at  both  separations  showing  tiiat  probable 
space  chai’ge  effects  are  starting  when  lA  is  approximately  4. 

Figures  (11)  .md  (12)  show  tiie  fibres  before  testing  in  the  catiaxle. 
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The  deterioration  of  the  fibres  Is  shovgn  In  Plgnre  i;5  where 

tJie  apparent  melting  of  tiie  flbi-e  ends  has  ooourred,  protluclng 

a  dome.  It  is  not  possible  to  decide  at  this  stage  however,  if 

the  domes  at  the  ends  of  the  fibres  are  caused  by  tiie  molting  of 

tile  fibres  of  if  they  .are  associated  with  high  voltage  .arcing. 

-4 

TJie  maxlmimi  current  obt;ilned  w.as  8  x  10  A  at  10  kV  corresponding 
to  a  current  density  of  Acm  “■  assuming  jui  emitting  area  of 
2  .5t>  X  10'^  cm^. 

1 4 .  Nloblvun  C.arblde 

Tile  niobium  carbide  m.aterlal  was  scjiuu’e-sliaped  .approxlm.atoly 
1.7  X  1.7  mm.  IXirlng  the  etching  of  this  m.aterlal 
the  sQuai’c  geometry  was  maintained.  Tlie  fibres  proved 
impossible  to  etch  to  fine  points  iind  were  eventually  tested  as 
shown  In  Figures  (l4)  .and  (1!?).  nie  cathodes  operated  satisfactorily 
piaxiucing  tJie  F-N  plot  in  Figure  (lo\  F.x.amination  of  tlie  cathode  after 
testing  for  bO  hours  h.as  shown  no  significant  deterioration  of  tlie 
c.atlu\le.  'Hie  only  areas  of  damage  .are  small  regions  where  .an  ;u’c 
has  occtirred  removing  tlie  fibres. 

Tlie  maximum  current  obtaliuxl  w.as  x  10  ^A  .and  corresponded  to  a 

current  densitoi’  of  l.J  x  10  ““A  cm  For  this  test  however  ;in 
extraction  volt.'igo  of  ally  7kV  was  used  since  it  w.as  reiiuired  to 
avoid  d.aniiige  to  tlie  arr.aj'  so  tJiat  a  life  test  could  be  made  to  tJie 
catliode.  Ttils  test  is  currently  underway. 

4.  DTSaiSSION 

4.1.  Tliermaiynivnic  Stabl  11  ties 

These  have  beeti  referred  to  in  the  Introduct.iai  and  in  the 
previcais  report  (ref.  14)  .and  are  basetl  on  refs.  17  and  21. 

Since  the  work  of  assessing  react iai  pressures  was  completed 
further  studies,  c.arried  out  on  our  behalf  by  Prs.  T.O.  ChiU't 
.and  T.I.  harry  (22),  have  extended  .and  confirmed  our  first 
concluslvMis.  For  caivenlence  when  comparing  our  results  with 
tliose  of  tlie  NFL  some  of  the  material  from  tlie  previous  report 
is  reprixluced  here. 
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■Rie  figui'cs  Indicate  that  If,  euj  seems  to  be  tlie  case,  ;?000K  Is 
on  tlie  lilgfi  side  tlien  decomposition  will  l^e  very  low  at  nonnal 
operating  tempera tiu'ee  which  may  be  below  1CK)0**C* 


Good  agreement  between  NPL  aiid  FRI  figures  can  bo  seen  wliere 


compai'lsons  are  possible,  for  example : 

• 

TABI£  2  METAL  REACTION  PRESSURES  OP  SEIECTED  CARIITDES. ACCORDING 

TO  REACTION  4. 

Candidate  M.aterial 

IxJglO  (Reaction 

Pi'essure)  of 

Metal,  M',  at  '^OOOK,  in  atmospJiori 

1221 

FRI 

NPL 

TaC 

-8.77 

-8.8 

Zi-C 

-b.28 

-0.4 

NbC 

-o.OO 

-7.0 

HfC 

-5.74 

- 

TIC 

-3.56 

-3.5 

VC 

-2.88 

- 

A  comparison  has  been  made 

of  WC  and  T.aC  aocoi*ding 

to  tlie  second 

reaction  for  carbides  which  postulates  the  particlpatic«  of  Ta.,C 
or  W,,C  in  the  decomposition  reaction.  Hie  results  ai'e  preseiited 
in  terms  of  the  reaction  pressure  of  gaseous  oai'bon  in  equation 


TABI£  3  CARPOM  REACTION  PRESSURES  OF  THE  CARBIDES  OP  Ta  AND  W 
ACCORDING  TO  REACTICH  5 


Cai'blde 

LoglO  (Reaction  Pressure) 

of  Cai’h<.>n,  Cy 

atmospliere 

lOOOK 

2000K 

X)OOK 

TaC 

-44.1 

-17.2 

-8.7 

WC 

-37.8 

-12.8 

-7.9 

(at  OWK) 

(If  the  expression  is  in  teimis  of  C  (monatomic)  it  would  be 
realistic  for  the  low  pressure  oondltlons;  tlie  conclusions 
are  unaffected,  however). 
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Cv.mparlaoit  of  thoso  clat«  with  th*  pi>«viCHis  tAblo  stK^wa  tiiat  for 
T«C  Uw  i*««otlon  pp«sauiH>  of  C^(g)  la  about  ovjual  to  tlmt  of 
Ta(g)  l.a.  ocuigniant  avaiv'ratlai  la  to  ba  axpaotavt. 

!\'r  WC  a  taiidonoy  to  daoomjx^aa  to  ttia  aub-oarblda  la  Indloatad 
by  the  a>.vflowtiat  hlgltar  raaotlon  praaaufoa  of  oarKti.  Hio  o«.'wu\M*lavai 
haa  not  baan  axtaiulad  to  otliap  oai'bldaa  but,  at  tlxla  point,  agivamant 
batwaan  PRl  and  NPL  aaaaaanianta  of  atablllty  la  gOvxl. 

4.1.2.  tV>rlvla3 

Raaotloi\3  ivatnl.itad  by  tl\a  NPL  for  borldaa  wara  .aa  followa; 


Ml\,(o)  **  M(g)  ♦  2P(o)  .  b 

iM^(o)  **  ^(g)  ♦  B(g)  .  7 


CaloulatlvVia  fop  tha  flrat  i*aaotlon  may  ba  axj'Paasavi  In  taimuj 
of  tha  matnl  pa.no tlvm  ppaaaupa. 


TABLE  4 

Mb'l'AL  RKAC-l'Utl  PKKSSITIKS  OF 

'  IVKIHEi;,  AaVRCI-NO 

TO  ItKAC  rKTJ  (' 

th'onp 

IVplda 

PPassui'a)  >.\f  matal. 

M,  atmoai\l:a:'ai 

lOOOK 

AXXIK 

IVA 

ITB, 

-^?.9 

-12., ’I 

2pI\, 

-Ifi.O 

HfiC 

-41. Q 

-17.2 

VA 

VI^ 

-29.0 

-10.4 

Nbll, 

-42. 

-17.1 

T.nB, 

-4''.0 

-17.0 

VIA 

-17.  B 

-  f-.O 

FV'P 

tha  aaoaid  pa.noUon  U:a  boron  g.ns  raaotdvti  jM'assm'aa  .nra 

as  follows: 

TABU?  5 

.^>RvU  REACTION  PRES.'^ltRKS  CP  EORIUES.  AiWlRniNil  1\'»  RRA.-pti>i  ' 

Qp>.Hy) 

IV'Plda 

U.'SlO  (RaaoUon 

rpass:u*a)  boron  gas 

,  atnoai'tiiai'as 

lOOOK 

2000R 

.■JOOOK 

IVA 

TiE\^ 

->.1.1 

-10.0 

4.5* 

a-a. 

->1.1 

-10.8 

4.4* 

HfQ, 

-11. J 

-4.0 

VA 

Vl^ 

-27.1 

-  O.b 

-5.T* 

Nbn^ 

-28. 

-10.. 

-4.4* 

Tan^ 

-2t>.0 

-  0.5 

-?.8* 

VIA 

CpE^ 

-24. 

-  8.2 

•Not  valid  abv'va  tna  malting  point  of 

tha  matal  d\»a  to 

vaivlabla 

compost  tla\3 

In  rasultdng  liquid  p)\aaa. 

The  preferential  vaporisation  of  boron  in  Zr,  Hf  and  for  Nb, 

Ta  borides  Indicates  that  reaction  2,  i.e.  formation  of  sub-borides 
is  a  contingency  which  should  be  allowed  for. 

4.1.3.  Nitrides 

Calculations  for  the  nitrides  according  to  t.he  following 
reaction 

2M  N  -  2.nM  +  N.,(g)  .  8 

have  yielded  high  reaction  pressures  for  nitrogen  gas. 


TABLE  6 

NITROGEN 

REACTION  PRESSURES 

OF  NITRIDES,  ACCORDING  TO  REACT 

Group 

Nitride 

Log.Q  (Reaction  Pressure)  of  N^gas, 

atmospheres 

lOOOK 

2000K 

3OOOK 

IVA 

TIN 

-25-3 

-7.8 

-1.7 

ZrN 

-28.3 

-9-3 

-2.9* 

HfN 

-29.5 

-10.4 

-3.8^ 

VA 

Nb^N 

-16.4 

-3.5* 

- 

Ta2N 

-19.8 

-6.4 

-2.3 

♦Values 

from  data  extrapolated  beyond  range  of 

reliability . 

The  values  are  very  high  corapai'ed  with  those  for  borides  and  carbides 
and  confirm  the  decision  not  to  consider  nitrides  further  as 
candidate  materials. 

Thermodynamic  criteria  of  stability  can  provide,  at  best,  only  a 
partial  guide  to  the  response  of  refractory  needle  arrays  to 
temperature/pressure  conditions.  They  serve  to  isolate  those 
compounds  which  are  most  likely  to  give  long  operating  lifetimes 
but  cannot  give  information  on  sputtering  response,  while  tlie 
influence  of  physical  properties  such  as  tlie  work  function  is 
still  a  matter  for  experiment.  TVie  short  list  of  compounds  given 
earlier  represents  a  group  of  materials  designed  for  test  our 
working  assumptions  and  is  not  a  final  short  list  of  proven  compoir;ds. 
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^  J .  Dpi  1 1  or  iJeo.’not  ry 


Tl-.o  geometry  a  field  e:niocie!i  oaMuxie  in  ’relation  t-' 
tile  total  onri'ont  generated  !iaa  'ooeti  ainenoocd  earlier  ‘ov 
D'vine  .ok!  by  l\’e;K’y  et  al.^"'  .  Tb.e  total  enrrent  g<'nerat<'d 
la  related  to  the  fibi’e  prot’r’aoiono  above  tb.e  mati'ix.  tb.e  fibre 
diameter,  tip  i-adinr  of  the  fibre,  fibre  density  aid  the  pliynica.l 
properties  ot'  the  oatluxie  (as  listed  In  the  equation  I . 
Correlations  atte.m.pted  to  date  b..ive  not  proved  successful  due  to  t!ie 
limited  anount  of  e.xperlmental  results  obtained. 


4.  i.  Sputtering  Pamage  -  ion  boinbaa-driient 

Sputter  induced  degradation  is  certodn  to  liave  ;\n  adverse 

effect  upon  all  filament  materials,  but  systematic  data  is  available. 

For  elements  the  sputter  yield  luider  ionie  bombaiviment  is  related 

iCb ) 

to  tiio  heat  of  sublimation  and  hence  to  the  vapoui’  pressure 

The  inference  is  that  elements  suitable  for  fihvnents  liave  low 

vapour  pressures  ;ind,  by  the  sane  token,  cv.mipoiuids  wltJi  low  decomposition 

(i.e.  reacti,.in)  pressures  sliould  be  prime  caididates.  This  is 

consistent  with  tlie  role  of  tiuigstcn  as  a  tliermlonlc  aid  field 

emitter.  Similarly  it  h.as  been  established  that  llrC  .md  Dab  ;u'e 

r 

botli  superior  to  tungsten  in  stability  to  ionic  bomb;u\imen t  wh.en 
emitting  in  the  field  mode 

For  Air  tiler  in  format  Ivin  or  sp'Uttering  rates  see  refs.  Vl  .aid  '1. 

. 4 .  Corr.pgi’ison  of  Materials . 

Detailed  compai’lson  of  the  I’esults  from  tiie  materials  tested 
so  far  is  not  possible  at  tliis  stage.  Tlie  relatively  poor 
perforravOice  of  tlie  A77  -  203  material  does,  however,  give  a  starting 
point.  It  is  desoribed  as  nominally  V  (v '  -  a)  ••  i-e.  three-phase. 
Optical  microscopical  examination  succeeded  in  revealing  only  two 
wb.ich  formed  a  typically  eutectic  morphoiog.v  witli  d;\i'k  fibres  or 
lanellae  in  a  liglit  matrix.  Tlie  identity  of  the  two  vihases  is  still 
somewhato  iuiccrt;iln  and  microprobe  aialysis  indicated  only  th.at 
tlie  m.ati’lx  Is  nickel-i’ich  wliiie  the  fibres  ai’c  molylxlonum-rioh. 
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The  distribution  of  the  remaining  elements  Ta  and  A1  between 
matrix  and  fibres  is  rou^ly  equal.  Previous  work  on  the  phase 
equilibria  and  unidirectional  solidification  in  the  Ni-Mo-Al 
system  (35)  describes  the  growth  of  a  (Mo)  rectangular  fibres  in 
ay'  (Nl^Al)  matrix  while  the  y-phase  (Nl),  instead  of  being 
randomly  distributed  between  fibres  and  matrix  appears  to  develop 
a  preferred  orientation  with  y'.  The  phase  diagram  is  still 
controversial  (see  ref.  33»  p.2080)  but  it  has  been  shown  (3^) 
that  Ni^Al  dissolves  only  a  very  little  Mo  at  1150°C  which  is 
consistent  with  a  pseuodo- binary  llquidus  between  the  two 
components. 

It  heis  been  found  that  the  current  density  of  the  A77  -  205  material 
is  poor  compared  with  TaC  and  NbC  and  this  may  be  accounted  for  by  the 
Irregularity  of  the  fibre  aligiments  (Figure  5).  More  Important, 
the  erosion  fo  the  fibres  (Figure  6)  exceeds  anything  found  for  the 
refractory  compounds;  an  observation  consistent  with  the  expectation 
(Section  1,  page  6)  that  metallic  phsises,  even  those  baised  on  high- 
melting  elements  like  molybdenum,  are  unlikely  to  compete  with 
borides  or  carbides  in  resistance  to  ion  damage. 
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Figures  Stainless  steel  vacuum  chamber 
used  for  testing  diodes. 
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